In investigations of the dynamics of the desorption of molecules from surfaces, a selective excitation of specific molecular vibrations is desirable. We here report studies on the infrared laser-induced desorption of CD 3 F condensed on the NaCl(100) single crystal surface, in which the intramolecular vibrations of the CD 3 F molecules are directly excited. Desorption of the intact molecules is monitored using electron impact ionization followed by mass-selective detection in a quadrupole mass spectrometer. Desorption only occurs when the excitation laser is at 9.0, 10.5, 9.4, or 11.0 mm, corresponding to excitation on the n 2 , n 3 , n 5 , and n 6 modes of CD 3 F. An analysis of the time-of-flight spectra as a function of the laser fluence is presented. Different desorption mechanisms are discussed.
Introduction
Desorption of molecules from surfaces constitutes one of the fundamental processes of heterogeneous surface reactions. One of the major goals is to understand the energy flow in these adsorbate systems to gain a detailed understanding of the underlying processes.
It is well known that the excitation of electronic transitions using (ultrafast) UV or VIS laser pulses in a layer adsorbed on a metal substrate can lead to desorption, see e.g. ref. 1 and references therein. In those experiments, electrons near the Fermi level are excited by the laser light. The energy thermalizes via electron-electron scattering, leading to an effective electron temperature on a femtosecond timescale. In a second step further thermalization occurs by electron-lattice scattering into phonon modes on a picosecond timescale. Desorption is induced by coupling to the hot electron bath or to the phonons. One recent example is the desorption of CO from Ru(001). 2 In the case of infrared (IR) laser-induced processes, different degrees of freedom in the system are excited and different relaxation and desorption pathways exist, thus different scenarios apply. For molecules adsorbed on a surface three fundamental excitation and desorption scenarios can occur:
(1) The IR laser light excites the surface directly. This process leads to heating of the surface and to induced thermal desorption.
(2) The external bond between the molecule and the surface is resonantly excited by the IR radiation. When the excitation exceeds the binding energy, the molecule may desorb. This (multi-)photon excitation to the desorption continuum is only possible when the exciting laser light is able to overcome the anharmonicity of the external potential.
(3) The IR light excites resonantly an internal vibrational mode of the adsorbed molecule. This vibrational energy then has to couple to the desorption coordinate either directly or indirectly via energy transfer to the surface.
The dynamics of the desorption process will depend on the coupling and the energy flow between the different degrees of freedom.
The excitation and desorption process of molecules from surfaces after IR excitation has, for example, been investigated by Heidberg and coworkers [3] [4] [5] [6] [7] [8] as well as by Chuang and coworkers. [9] [10] [11] [12] [13] In Heidberg's studies, a CO 2 laser emitting light at fixed frequencies was used as IR light source and the emission lines or their second harmonics were in accidental resonance with the adsorbates. [3] [4] [5] [6] [7] [8] The internal stretching vibration of CO or the C-F stretching mode in CH 3 F adsorbed on NaCl(film)/NaCl(100) were excited. For both molecules, the desorption process occurs only when the excitation laser is resonant with a vibrational mode of the molecule. However, experiments on isotopically mixed layers of 12 CO and 13 CO as well as CH 3 F and CD 3 F showed no isotope selective desorption. These observations are indicating that the desorption involves either a resonant heating process or a v-v-transfer followed by energy transfer from the excited internal vibration to the normal translational motion of the adsorbed molecule. [6] [7] [8] Chuang et al. investigated the desorption of ammonia and pyridine from Cu(100) as well as from KCl-and Ag-films. [9] [10] [11] [12] [13] Either a CO 2 -laser or an IR source tunable in the frequency range between 2.5 and 4.2 mm was used to resonantly excite the internal stretching modes of the molecules. Based on isotopic mixture experiments, a thermal desorption mechanism via excitation of the internal mode is considered to be most likely in these experiments.
Desorption induced by IR excitation also attracted significant theoretical interest where different approaches to describe the process are used (see e.g. 14-16). Gortel et al. have employed a master equation perturbation approach, in a quantum-mechanical framework, which takes into account the rates of competing processes (like laser pumping, phonon-assisted (inelastic) and elastic decay of a resonance state, and thermalization of the surface bond) to determine the photodesorption rate. 14 Muckerman and Uzer have performed classical and quantum-mechanical simulations for the intramolecular vibrational resonant photodesorption employing the Langevin model to describe the interaction of the adsorbed molecule with the heat bath. 15 Brivio et al. have used a classical Hamiltonian method to calculate the IR resonant photodesorption rates by applying a suitable average of classical trajectories calculated integrating the Hamilton's equations of motion. 16 To study the excitation and desorption process, it is desirable to perform the experiments with a widely tunable IR source in order to be able to access different vibrational modes of the adsorbate. We have recently shown the feasibility of this by demonstrating the resonant infrared laser-induced desorption of N 2 O on NaCl(100) using the continuously tunable IR output of a free-electron laser. 17 Here, we will concentrate on the system CD 3 F condensed on NaCl(100) and discuss the desorption spectrum of the system, time-of-flight spectra, as well as the fluence dependence of the desorption signal.
Experimental
The experiments reported here are performed in an ultrahigh vacuum (UHV) apparatus using the Free electron laser for infrared experiments (FELIX) user facility at our institute as a tunable infrared source. 18 The UHV apparatus is a standard stainless steel chamber operating at a base pressure better than 3 Â 10 À10 mbar. The single crystal NaCl(100) samples are prepared by cleavage under dry nitrogen atmosphere and are transferred immediately into the vacuum. They are mounted to a copper sample holder for measurements in transmission geometry and fixed to it using molybdenum clamps. The sample temperature is monitored using NiCr-Ni and AuFe-Cr thermocouple pairs. The sample holder is connected to a cryostat that allows positioning of the sample in x,y,z-direction, a polar rotation by 360 and an azimuthal tilt. The sample can be cooled down to temperatures as low as 25 K using liquid helium. Between the measurements the surface is annealed to temperatures above 450 K. The laser light passes through the sample and exits the UHV chamber which is equipped with KBr windows. The angle of incidence onto the sample is 45 relative to the surface normal. The polarization of the infrared light is vertical. Detection of the desorbing neutral species is performed normal to the surface plane using electron impact ionization for ion detection in a differentially pumped quadrupole mass spectrometer (Extrel Q50). The distance between the surface and the electron impact ionization regime is 16 cm. The mass selected signal is recorded as a function of time after the laser pulse. Gas is admitted via background dosing using a leak valve. The gas inlet is made of stainless steel and operates at a base pressure below 1 Â 10 À6 mbar; no further purification of the CD 3 F gas (Mathesons, >99 atom% D) was carried out.
Typically, a few hundred monolayers (ML) of CD 3 F are condensed under non-equilibrium conditions on the NaCl(100) single crystal surface at low temperature (30-40 K), using gas pressures in the range of 1 Â 10 À6 mbar. The coverage is estimated assuming a sticking coefficient of one. As an independent check in some experiments, the coverage is determined by linear absorption measurements using a FT-IR spectrometer (Bruker IFS66v). The adsorption temperature is chosen low enough to ensure that, on the time scale of the experiment, no significant thermal desorption occurs.
The IR output of FELIX is continuously tunable between 4.5 mm and 250 mm, although for the present desorption measurements only the wavelength range between 8 mm to 12 mm is used. FELIX produces pulsed IR radiation in so-called macropulses that consist of a series of micropulses. The micropulse duration varies, depending on the settings, between a few hundred femtoseconds and several picoseconds. The bandwidth is Fourier transform limited. The laser can be operated with micropulse repetition rates of 25 MHz or 1 GHz, corresponding to a spacing of the micropulses of 40 and 1 ns, respectively. Macropulse energies can reach up to 100 mJ. For the present experiment, typical pulse energies are 0.5 mJ (25 MHz) and 15 mJ (1 GHz) per 6 to 7 ms long macropulse. The macropulse repetition rate is 5 Hz. The size of the laser spot on the surface is varied using a KBr lens (f ¼ 470 mm). In all experiments reported here, the bandwidth of the IR beam is chosen to be below 0.5% of the central frequency, corresponding to a micropulse duration of a few picoseconds. Values reported for the laser energy are measured using a power meter directly in front of the KBr entrance window of the UHV chamber. The laser fluence is varied by using fixed value attenuators.
Results
When the IR laser irradiates a multilayer of CD 3 F condensed on NaCl(100), at certain wavelengths and powersettings, desorption of CD 3 F molecules is observed. The desorbing molecules are mass selectively detected using a differentially pumped quadrupole mass spectrometer. The fragmentation pattern in the mass-spectrum of the laser-induced desorbed CD 3 F is found to be identical to the one of the regular gasphase CD 3 F, indicating that intact molecules are desorbed from the surface. Fig. 1a shows the desorption signal from a 500 ML thick CD 3 F film on NaCl(100) as a function of the IR wavelength in the spectral range from 850 to 1200 cm À1 . Clearly, four separated peaks are observed located at 907, 958, 1066 and 1105 cm À1 . The desorption spectrum can be compared to the linear absorption spectrum of a condensed CD 3 F film which is shown in Fig. 1b . A clear correspondence between those two spectra is found-all peaks that are Fig. 1 Desorption spectrum (a) and linear absorption spectrum (b) of CD 3 F condensed on NaCl(100). The film thickness is about 500 ML and the condensation temperature 40 K. Desorption is induced by FELIX operating at 25 MHz with a repetition rate of 5 Hz and focussed onto the surface. The desorption spectrum is recorded with a step-size of 0.01 mm, the linear IR spectrum with a resolution of 0.5 cm À1 . observed in the IR desorption spectrum have their counterparts in the linear absorption spectrum. According to convention, the peaks in the absorption spectrum are labeled n 2 , n 3 , n 5 , and n 6 . 19 The peak positions in the desorption spectrum are, to within the spectral resolution of the IR light of FELIX, the same as in the absorption spectrum. The width of the desorption peaks that correspond to the n 5 and n 6 vibration is about 8 cm À1 , comparable to the bandwidth of the IR laser. The n 2 and especially the n 3 mode are found to be significantly broader than this bandwidth. The n 3 mode is observed to be split in the desorption spectrum and to consist of at least two components. This is consistent with the broad and asymmetric line in the linear absorption spectrum. A splitting of the non-degenerate n 2 and n 3 modes in CD 3 F was already reported before. 20 Due to the lack of crystallographic data the underlying splitting mechanism can not be clarified unambiguously.
A comparison of relative intensities in the desorption and absorption spectra is difficult, since the signal in the desorption process may well depend non-linearly on IR power and fluence. Nevertheless, for the given experimental parameters it is evident that the intensities are different from those in the linear absorption spectrum. This holds especially true for the n 5 and n 6 modes which are observed to have significantly lower intensities in the desorption spectrum as compared to the linear absorption case.
To obtain the spectrum in Fig. 1a , the ion signal observed after the macropulse is integrated over time. There obviously is important information contained in the time-dependence of this ion signal. A selection of representative time-of-flight (TOF) spectra for CD 3 F desorbing from NaCl(100) is shown in Fig. 2 . They are recorded from a film of about 500 ML thickness at a condensation temperature of 40 K for three different laser fluences À32.6 J cm À2 (top), 15.5 J cm À2 (middle) and 9.3 J cm À2 (bottom). The left traces show the TOF spectra corresponding to the first laser pulse on a fresh surface spot. The center and the right traces give the spectra for the second and the tenth pulse onto the same spot. The TOF distributions from the following shots differ markedly from those of the first shots. The TOF spectrum of the first laser pulse is character-ized by a higher intensity and the maximum flight time is considerably shorter, corresponding to faster molecules, than for the following pulses. There seems to be an abrupt change between the first and the second pulse, the differences between the following pulses are found to be much smaller. The intensity of the signal and the velocity of the desorbed molecules decrease in a more continuous way toward lower values. By comparing the TOF spectra recorded for the different laser fluences it is found that for the first laser pulse the most probable flight time shows a pronounced dependence on the laser fluence. The higher the fluence the higher is the kinetic energy of the molecules. For the next pulses this behavior is not observed anymore. There, the flight time seems to be more or less independent of the fluence, although the intensity is increasing with increasing laser fluence. The shape of the TOF distribution is determined by: (i) the time during which the neutrals are desorbed from the surface; (ii) their velocity distribution; (iii) the extent of the electron impact ionization region relative to the total flight distance from the surface to the electron impact ionization source; (iv) the dependence of the ionization efficiency on the particle velocity; and (v) the time it takes for an ionized species to reach the detector. The (short) flight time of the ions from the ionizer to the detector can be subtracted from the TOF distribution. In the case of an electron impact ionizer with a relatively low ionization efficiency (on the order of 10 À3 ), the ionization probability for a molecule is proportional to its residence time in the ionizer, thus inversely proportional to its velocity.
When the time during which desorption occurs is short compared to the width of the signal, the TOF distribution directly reflects the velocity distribution of the desorbed molecules and therefore contains information on the translational temperature of the desorbing species.
Under the prerequisite that the molecules leave the surface under thermal equilibrium conditions, a Maxwell-Boltzmann type of distribution is expected: 21 Here a is a normalization constant, t is the flight time and d is the flight distance between sample and ionizer. The velocity is connected to the flight distance and flight time by v ¼ d/t. The constant i equals 2 or 3 in case of a density ('' v 2 '') or a flux weighted ('' v 3 '') Maxwell distribution, respectively. In our experimental geometry, the ionization efficiency is inversely proportional to the velocity and i is thus 3. The quantity u is a constant to offset for a stream velocity due to collisions of the desorbing molecules in the gas phase.
The results of the best fits using the so-called modified Maxwell-Boltzmann distribution (i ¼ 3) without and with stream velocity u are given in Fig. 2 as full (without) and dashed (with) lines. In general, it turns out that with a stream velocity, substantially better fits can be obtained, showing that the TOF spectra are not determined by a purely thermal distribution. Due to the additional stream velocity, the resulting '' temperature '' in this case, however, is not well defined and therefore the determined translational temperatures are not considered for further data evaluation. The fits without stream velocity describe the main features of the measured TOF distributions-the rising and descending branch as well as the maximum of the flight time distribution. The fitted distributions appear to be slightly too broad compared to the measured distributions, especially for the first laser pulse as well as for the highest laser fluence. The translational temperatures of the desorbing CD 3 F molecules determined from these fits range between 428.7 K and 75.9 K, all being well above the measured surface temperature of about 40 K. Fig. 3 summarizes the observed maxima of the flight time distribution as well as the determined translational temperatures as a function of the laser fluence for the first, second and tenth laser pulse onto the same surface spot.
Discussion
The resonant character of the IR laser-induced desorption process is clearly demonstrated for CD 3 F condensed on NaCl(100) by the desorption spectrum presented in Fig. 1a . In the whole series of measurements, under widely varying experimental conditions, non-resonant desorption signals have never been observed even for very high laser intensities. In addition, the temperature increase DT of the NaCl substrate by direct laser-substrate coupling has been estimated as DT ( 1 K. 5 Therefore, desorption induced by a direct surface heating process discussed as scenario (1) in the introduction can be excluded. It is evident that the initial step is the resonant excitation of the internal mode of the molecule, i.e. mechanism (3) described in the introduction. Following this excitation of an internal mode of the adsorbed molecule, several channels are open for energy dissipation and relaxation. At least two competitive channels are left as reasons for the observed desorption.
(a) Due to coupling of the excited molecules to the heat bath of the adsorbate layer, a temperature increase of the complete layer results. Desorption is induced if the temperature rise due to heating of the layer is sufficient to overcome the binding energy between the molecules. This process is accounted for as resonant heating. Due to the energy equilibration involved, the desorption is not limited to those molecules initially excited but can also involve neighboring or, in the case of mixed layers, also different molecules.
(b) When the vibrational energy that is stored in a molecule exceeds the binding energy between the molecules, direct desorption by elastic or inelastic '' tunneling '' into the desorption continuum becomes energetically feasible. For multi-photon processes stepwise multi-photon excitation or vibrational energy transfer between neighboring adsorbate molecules by resonant or quasi-resonant v-v-transfer can be important. In both processes the anharmonicity compensation is assisted by low-frequency external modes and/or adsorbent phonons. If the process is fast enough, population of highly excited vibrational levels can occur. For CO adsorbed on NaCl(100) energy pooling up to v ¼ 30 has been observed. 22 In contrast to the resonant heating case this process keeps its molecule and isotope selectivity as only the molecules that are initially excited can then desorb.
In order to distinguish between these two desorption mechanisms, an analysis of the dependence of the desorption signal and the recorded TOF spectra on the IR power and fluence is useful. It is controversially discussed in the literature whether and under which conditions velocity distributions of desorbing molecules can be described using a thermal equilibrium model, i.e. fit by a Maxwellian type of distribution, and if those distributions deliver realistic values for the temperatures of the desorbing species. [23] [24] [25] [26] One of the prerequisites for application is local thermal equilibrium -the energy is locally statistically distributed over all degrees of freedom. In the present investigation, an internal mode of a molecule condensed on a single crystal surface is initially excited. It is a priori not clear, on what time-scale this energy relaxes. To our knowledge only one experimental study on the lifetimes of excited vibrational states of molecules adsorbed or condensed on insulator single crystal surfaces is reported. The system under study -CO/NaCl(100) -was resonantly vibrationally excited using a cw CO laser. From the observed spectrally resolved fluorescence the lifetime of the CO stretching vibration is found to be in the range of a few milliseconds, 22, 27, 28 which would not meet the requirements. Such long lifetimes, however, seem to be incompatible with the observed desorption signal in our experiment that corresponds to prompt after the IR pulse.
As can be seen in Figs. 2 and 3 , when fitting a modified Maxwell-Boltzmann distribution to the experimental TOF distributions, a good fit of the TOF spectra is obtained and translational temperatures higher than the substrate temperature are derived. In addition, a non-linear dependence of the translational temperature on the applied laser fluence is found. The higher the laser fluence the faster the molecules become and furthermore, the molecules desorbing with the first laser pulse have a higher translational temperature than the ones desorbed with the following pulses.
Such a behavior is in general in agreement with a resonant heating mechanism [case (a)], where under the assumption of thermal equilibrium higher translational temperatures are expected for larger energy absorption. For higher laser intensi- ties the layer is heated faster and to higher temperatures. This means that the desorbing molecule carries more kinetic energy when leaving the surface corresponding to a shorter flight time. As a function of the irradiation time the layer thickness decreases and a laser pulse can only deposit less energy in the adsorbate. A coupling to the heat bath leads then to a lower maximal temperature and a longer flight time results.
For the alternative direct desorption mechanism [case (b)], the translational temperature will, in principle, be determined by the amount of excess energy remaining in the molecule after desorption and the degree of freedom carrying this energy. To a first approximation, these quantities are expected to be almost independent of the laser intensity and pretreatment of the surface by the laser (assuming no structural changes are induced). In the experiments it is observed that the translational temperature depends strongly on the laser fluence as well as on the adsorbate conditions, which makes the direct desorption process less likely.
On the other hand, it is found that the experimental distribution is in most cases narrower than the fitted distribution. This is rather surprising, since any delayed desorption process or a possible temperature gradient on the surface would lead to distributions that are broader than a thermal distribution. Further, it is found that the experimental distributions become narrower, when the amount of desorbed molecules is high. From this, one might be tempted to conclude that direct desorption does play a role. However, these observations can also be rationalized by the occurrence of collisions of desorbing molecules in the gas phase. Those collisions can lead to adiabatic cooling similar as in a supersonic expansion used in molecular beams. This adiabatic cooling will result in a narrower velocity distribution with an increased average velocity. If post-desorption collisions in the gas-phase are important, the actual temperature of the molecules while desorbing is significantly lower than the temperatures indicated in the figure. Further measurements concerning the dependence of the desorption process on the layer thickness and the laser fluence can address this issue and will be undertaken.
Presently, we are working on a numerical model to get more insight into the question of the underlying desorption mechanism for the laser-induced desorption of small molecules from insulator surfaces. Results will be presented in a forthcoming publication.
Conclusions
Resonant IR laser-induced desorption of multilayers of CD 3 F condensed on NaCl(100) single crystal surfaces using tunable infrared light is reported. After resonant excitation of intramolecular vibrations of CD 3 F, desorption is observed. In the desorption spectrum four infrared active fundamental modes are unambiguously identified. The spectral features of the desorption spectrum are comparable to the linear absorption spectrum of condensed CD 3 F. TOF spectra are investigated as a function of the laser energy and as a function of the number of laser pulses irradiating a sample spot and yield translational temperatures well above the original surface temperature. The observed dependencies on laser energy and layer thickness are compatible with a resonant heating process as desorption mechanism.
